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Abstract: This paper provides an overview of current seismic ground motion criteria for transportation infrastructures in 
USA. This is to facilitate an understanding of current seismic performance levels and design practices in USA for 
transportation professionals world-wide, especially those in Asian and Pacific regions. Seismic vulnerability of a 
transportation infrastructure is determined by the risk associated with the seismic ground motion and specified performance 
criteria. Determining an acceptable seismic risk is a very complex task that must consider both social and economic aspects. 
Obviously, the amount of risk that a railway bridge can accept may be different from that of a highway bridge. The economic 
tolerance in one country may be different from that in another country for the same type of infrastructure. In this paper, 
seismic performance levels and design criteria of ground motion for highway bridges, railway bridges and ports’ container 
wharves in USA are reviewed, and design examples are presented to demonstrate how to develop the code-based and site-
specific design acceleration response spectra and time histories.
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1  Introduction 
 
The state-of-the-practice of the seismic design for 
transportation infrastructures is continually evolving. 
An overview of current seismic performance levels and 
design criteria of ground motion for transportation 
infrastructures in USA, including highways, railways 
and ports, is provided in this paper. The seismic design 
of highway infrastructures in most states in USA 
follows “Guide specifications for LRFD seismic bridge 
design” of the American Association of State Highway 
and Transportation Officials (AASHTO) [1], but some 
states in higher seismic zones, such as California, have 
separate seismic performance criteria. The return 
period and performance requirements of the AASHTO  
are that bridges shall be designed for the objective of 
life safety performance considering a seismic hazard 
corresponding to 7% probability of exceedance in 75 
years, which is corresponding to a return period of 
about 1 000 years. Higher performance levels, such as 
the operational objective, may be established and 
authorized by the bridge owner. Site-specific hazard 
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analysis and response spectrum should be developed 
for essential or critical bridges or for bridges at a class 
F site. Ordinary standard highway bridges in California 
were designed using the deterministic maximum 
credible earthquake (MCE) until November, 2009. 
Since then, the California Department of 
Transportation (Caltrans) has required using both the 
deterministic MCE and the probabilistic acceleration 
response spectral (ARS) curves with 5% probability of 
exceedance in 50 years, whichever is greater.  
Seismic design for railway infrastructures generally 
follows the Chapter 9 of the guidelines of the 
American Railway Engineering and Maintenance-of-
Way Association (AREMA). The AREMA has three 
performance criteria: serviceability level (level-1, 50 to 
100 years return period), ultimate level (level-2, 200 to 
500 years return period) and survivability level (level-3, 
1 000 to 2 400 years return period).  
Not as mature as for highway and railway 
infrastructures, the seismic design criteria for ports’ 
container wharves in USA are relatively young and 
still under development. The west coast ports, such as 
Port of Los Angeles and Port of Long Beach, have 
adopted three performance levels of seismic design: 
operational level event (OLE) corresponding to 72 
years return period, contingency level event (CLE) 
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corresponding to 475 years return period, and design 
event (DE) corresponding to two-thirds of 2 475 years 
probabilistic value or two-thirds of 150% of 
deterministic value, whichever is lower. 
The following sections provide detailed procedures 
and design examples about how to develop ARS 
design curves and spectrum-compatible time histories 
for highway bridges, railway bridges and ports’ 
container wharves.   
 
2  Seismic design criteria for highway 
bridges 
 
2.1 The AASHTO seismic design criteria 
The designed performance level is considered for 
life safety of conventional bridges. This level is 
corresponding to 7% probability of exceedance in 75 
years, or about 1 000 years return period. The seismic 
ground motion for this performance level shall be 
characterized using an ARS curve developed under 
either a general procedure using map-based short- and 
long-period seismic parameters corrected with site 
factors, or a site-specific hazard analysis procedure. 
The general procedure has a calculation tool available 
free from the website of the U.S. Geological Survey 
(USGS): http://earthquake.usgs.gov/hazards/designmaps/ 
aashtocd.php. After the site coordinates and site class 
are input, the peak ground acceleration (PGA), short- 
and long-period seismic parameters and ARS curve 
can be calculated by this tool. The ARS curve 
developed under the general procedure is allowed for 
bridges, except for the following cases where a site-
specific ARS curve has to be developed: 
(1) Essential or critical bridges; 
(2) New seismic sources (i.e. faults) have become 
available in USGS/AASHTO map since 2002; 
(3) Class F site; 
(4) The ARS curve may be performed for any class 
site if the owner approves.  
When the site-specific ARS curve is to be developed 
for the site of either class A, B, C, D or E, it shall not 
be lower than 2/3 of the ARS curve based on the 
general procedure. For a class F site, there is no 
corresponding ARS curve from the general procedure. 
Therefore, there is no limit requirement for the site-
specific ARS curve for a class F site. However, the 
site-specific ARS curve for the class F site has to be 
reviewed by an independent peer reviewer and 
concurred by the owner. Although not required, the 
author recommends that the ARS curve for a class E 
site be developed using the general procedure and be 
used as the baseline for the class F site, i.e. the site-
specific ARS curve for a class F site shall not be less 
than 2/3 of the ARS curve of a class E site developed 
for the same location using the general procedure.  
A design example using the AASHTO criteria is 
provided below. A high-capacity rapid transit project is 
to be built in the State of Hawaii. A segment of the 
alignment will be supported on a class F site. The 
general procedure was first followed to develop the 
baseline ARS curve, as shown in Fig.1.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 ARS design curves for a rapid transit project using the 
AASHTO criteria. 
 
The 2/3 of ARS curve of the class E site used as the 
baseline was developed following the general 
procedure using the USGS free calculator by inputting 
the class E site coordinates. The site-specific analyses 
included site-specific probabilistic seismic hazard 
analysis (PSHA) using the computer program EZ-Frisk 
(version 7.3) [2], and site seismic response analysis 
performed using the computer program SHAKE91 [3]. 
Five seed time-history records were selected from past 
representative earthquakes and spectrally matched to 
the target uniform hazard spectrum (UHS) at the base, 
and then propagated to the ground surface using 
SHAKE91 equivalent-linear site response approach. 
The finally recommended design ARS curve is an 
upper envelope curve, as shown in Fig.1. All ARS 
curves shown in Fig.1 correspond to 5% damping. 
2.2 The Caltrans seismic design criteria 
The Caltrans seismic design criteria [4] were applied 
to most highway bridges in the State of California. 
Since November 2009, The Caltrans has updated its 
design criteria of seismic ground motion using the 
upper envelope of deterministic MCE and 975-year 
probabilistic approaches. The developed ARS design 
curve at any location shall be no less than the 
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minimum limit. The minimum limit is a deterministic 
spectrum for a vertical strike-slip event with M = 6.5, 
occurring at a distance of 12 km (7.5 miles). This is a 
significant change from its previous deterministic-only 
criteria that had been used since 1996.  
The deterministic approach uses seismic sources 
including late Quaternary age faults with a total of 428 
fault sections in California. The deterministic spectrum 
is based on two next generation attenuation (NGA) 
models, i.e. the Campbell-Bozorgnia model [5] and the 
Chiou-Youngs model [6], and takes the average value. 
Soil amplification is computed by the NGA models 
based on an average shear wave velocity, Vs30, of the 
upper 30 m (100 feet) soils. The probabilistic spectrum 
is obtained from the 2008 USGS seismic hazard map 
for 5% probability of exceedance in 50 years, or 975 
years return period. The seismic sources are the same 
as those used by the USGS for the 2008 national 
seismic hazard map. Since the spectral values of USGS 
seismic hazard map are published only for Vs30 = 760 
m/s, soil amplification factors must be applied for 
other site conditions. The site amplification factors 
shall be based on an average of those derived from the 
Boore-Atkinson model [7], Campbell-Bozorgnia 
model [4], and Chiou-Youngs prediction model [6] for 
ground motion (the same models used for the 
development of the USGS national map). Near-source 
and rupture directivity adjustments use an 
amplification factor of 1.2 for the site within 15 km far 
from the fault, and 1.0 for the site within 25 km or 
greater, and linear interpolation is conducted between 
15 and 25 km. Basin and deep soil amplification 
should also be considered. The Campbell-Bozorgnia 
model [5] and the Chiou-Youngs model [6] use depths 
of Z2.5  and Z1.0 where the shear wave velocities reach 
2.5 and 1.0 km/s, respectively, to consider the 
basin/deep soil amplification effects. Due to 
complexity of developing the Caltrans ARS design 
curve, new computer tools have become available. One 
is the Caltrans ARS Online (version 1.0.4), which is 
free at http://dap3.dot.ca.gov/shake_stable/. The required 
input parameters are site coordinates and Vs30. The 
other tools needed are spreadsheet programs, also 
downloadable from the above website.  
A design example using the Caltrans seismic design 
criteria is presented here. A grade separation project is 
located in a seismically active region in southern 
California. Based on the Caltrans ARS Online tool, the 
nearest fault is the Peralta Hills fault (No.146), 
approximately 2.7 km southeast of the site. The 
Elsinore fault (Whittier section, No.241) is located 
approximately 6.1 km north of the site. The Puente 
Hills Blind Thrust fault (No.240) is located 
approximately 7.5 km northwest of the site. According 
to the Caltrans fault database (http://dap3.dot.ca.gov/ 
shake_stable), the Peralta Hills fault is a reverse fault 
dipping 50 with an assigned maximum seismic 
magnitude (Mmax) of 6.2. The Elsinore fault (Whittier 
section) is a right-lateral strike-slip fault with Mmax = 
7.6. The Puente Hills Blind Thrust fault is a reverse 
fault, dipping 25 with Mmax = 7.3. Shear wave 
velocity measurements were performed at the site 
through seismic cone penetration tests. The 
deterministic response spectrum was calculated using 
the Caltrans Deterministic Spreadsheet (version dated 
7/28/2009), and checked using the ARS Online as 
required by the Caltrans. The probabilistic response 
spectrum was developed using the Caltrans 
Probabilistic Spreadsheet (version dated 8/4/2009), and 
compared with the results from the USGS 
deaggregation tool as required by the Caltrans [4] at 
the website: http://eqint.cr.usgs.gov/deaggint/2008/index. 
php. The near-fault and basin amplification factors 
were necessary for both the deterministic and 
probabilistic spectra. The deterministic response 
spectra shown in Fig.2 represent the spectral values 
from the Peralta Hills fault, the Elsinore fault (Whittier 
section) and the Puente Hills Blind Thrust fault. The 
probabilistic response spectrum corresponding to 5% 
probability of exceedance in 50 years (i.e. 975 years 
return period) is also presented in Fig.2. The 
recommended response spectral curve (5% damping) is 
an upper envelope, as shown in Fig.2. 
 
Latitude: 33.867 9; longitude: 117.842 6 
Vs30 = 350  m/s; Z1.0 = 410 m; Z2.5 = 2 km 
 
 
 
 
 
 
 
 
 
 
Fig.2 ARS design curves for a highway bridge obtained by the 
Caltrans criteria. 
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3  Seismic design for railway 
infrastructures 
 
Railway bridges historically have performed well in 
seismic events with little or no damage. Several factors 
unique to railway bridges are contributed to this ability, 
which are consistent throughout North America. First, 
bridges are traversed by track structure that functions 
as a restraint against longitudinal and lateral 
movements during earthquakes. Second, configurations 
of railway bridges typically differ from other types of 
bridges. Third, the controlled operative environment 
permits different seismic performance requirements for 
railway bridges compared to those for highway bridges. 
Railway industry is vitally interested in maintaining 
reliability of its infrastructure to ensure safety of its 
employees, passengers, customers’ goods and the 
public at large. Generally, seismic design of railway 
infrastructures follows the seismic design criteria of 
the AREMA. For the AREMA criteria, level-1 ground 
motion represents an occasional event with a 
reasonable probability of exceedance during the life of 
the structure. After a level-1 earthquake, trains are 
allowed to proceed at a reduced speed until inspections 
are completed and the track is cleared. The stresses and 
deformations are limited to immediate use of the 
structure after an earthquake of level-1. Level-2 
ground motion represents a rare event with a low 
probability of exceedance during the life of the 
structure. After a level-2 earthquake, trains are stopped 
until inspections are completed. Structural damage that 
can be readily detected and economically repaired may 
be allowed. By allowing the structure to respond 
beyond the elastic range and undergo inelastic 
deformations, the earthquake resistance capacity of 
bridges with a good ductility is significantly increased. 
Level-3 ground motion represents a very rare or 
maximum credible event with a very low probability of 
exceedance during the life of the structure. After a 
level-3 earthquake, the expected track damage would 
prevent immediate access to the bridge. The 
performance of the bridge during such earthquakes will 
mainly depend on the ductility and redundancy 
characteristics of the bridge and the additional safety 
measures taken to prevent bridge from collapse. The 
detailed return period for each level of earthquakes is 
determined based on the immediate factor of safety, 
immediate value factor and replacement factor. The 
definitions and guidelines about these factors are 
provided in the Chapter 9 of the AREMA manual (the 
AREMA, 2008).  
A design example using the AREMA criteria is 
listed below. An 8-span bridge with 2 abutments and 7 
bents, approximately 102 m (336 feet) long in total, 
will be constructed to replace the old railway bridge 
supported by wood piles in a coastal area in southern 
California. The designed ground motions for the 
project follow the AREMA seismic design criteria 
documented in the Chapter 9 of the AREMA manual 
(AREMA, 2008). The vulnerability of a bridge is 
determined by the risk associated with the seismic 
ground motion and the specified performance criteria. 
The immediate factor of safety, immediate value factor 
and replacement factor are listed in Table 1. The return 
periods are calculated and also shown in Table 1. 
Detailed calculation equations are provided in the 
Chapter 9 of the AREMA manual. 
Although code-based ARS curves are provided in 
the Chapter 9 of the AREMA manual using the base 
acceleration coefficient maps and uniform response 
spectrum shape, it is a general practice that the 
geotechnical engineers typically recommend site-
specific ARS curves for design mainly due to the 
following reasons: 
(1) The base acceleration coefficient maps were 
developed in 2001 that were out-of-date compared 
with the updated 2008 national seismic hazard maps. 
(2) The AREMA indicates that site-specific 
procedures may be used to define the base accelerations 
as long as they are based on accepted methods. 
(3) For areas with soft soils and high seismicity, or 
in close proximity to known faults, using a site-specific 
response spectrum is preferred by the AREMA. 
 
Table 1 Project-specific return periods (the AREMA, 2008). 
Performance 
level 
Immediate factor of safety  Immediate value factor Replacement factor Return period
(year) Value Weighing factor Weighted value Value Weighing factor Weighted value Value Weighing factor Weighted value
Serviceability 4 0.8 3.2 2 0.2 0.4 3 0.0 0.0 95 
Ultimate 4 0.1 0.4 2 0.8 1.6 3 0.1 0.3 373 
Survivability 4 0.0 0.0 2 0.2 0.4 3 0.8 2.4 1 980 
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(4) Site-specific seismic hazard analysis can use the 
latest seismic sources and attenuation relationships, 
typically resulting in lower seismic demands, which 
are in favor of the owner. 
The AREMA does not have a requirement on the 
lower bound of an ARS curve from the site-specific 
procedure. Hence, we developed the ARS design 
curves directly from the site-specific probabilistic 
seismic hazard analysis using the computer program 
EZ-Frisk (version 7.3) [2]. The ARS curves with 5% 
damping for the serviceability, ultimate and 
survivability limit states are shown in Fig.3. 
 
 
Fig.3 ARS design curves for a railway bridge using AREMA 
criteria. 
 
4  Seismic design criteria for port 
structures 
 
An ASCE seismic design standard for piers and 
wharf structures is being developed by a group of 
structural engineers, geotechnical engineers, owners, 
and academics with specific expertise and experience 
in marine and waterfront industries, and it intends to 
reflect that the current practice of seismic design for 
piers and wharves differs considerably from the 
conventional design of buildings or building-like 
structures. It is based on a performance-based design 
procedure that uses a displacement approach with three 
levels of design seismic hazards, in order to achieve 
the seismic performance requirements. The three levels 
of design seismic events include an OLE having a 
return period of 72 years, a CLE having a return period 
of 475 years, and a building code-level DE, which is 
2/3 of 2 475 years probabilistic value or 2/3 of 150% 
of deterministic value, whichever is lower. While a 
nation-wide standard is being released, this paper 
focuses on the wharf seismic design criteria used for 
two large ports in the west coast, namely, the Port of 
Los Angeles and the Port of Long Beach. The Port of 
Long Beach wharf design criteria (version 2) can be 
downloaded from http://www.polb.com/civica/filebank/ 
blobdload.asp?BlobID=3704. “Seismic code for port 
structures” has been published for the Port of Los 
Angeles, which is similar to that used in the Port of 
Long Beach. 
OLE forces and deformations including permanent 
embankment deformations shall not result in 
significant structural damage. Repair shall not interrupt 
wharf operations. All damages shall be located at the 
positions visually observable and accessible for 
repairers. CLE forces and deformations including 
permanent embankment deformations may result in 
controlled inelastic structural behaviors and limited 
permanent deformations. All damages requiring 
reparation shall be also visually observable and 
accessible for repairers. Temporary arrest of operations 
shall be restorable within an acceptable period of time. 
DE forces and deformations including permanent 
embankment deformations shall not result in collapse 
of wharf. The wharf shall be able to support the 
deadweight of the container cranes. 
A design example is given as follows by using the 
port seismic design criteria. The author’s affiliation, 
Kleinfelder Inc., has been a geotechnical consultant for 
the Port of Long Beach since 2000. We have 
developed site-specific ARS curves for various 
projects at the Port of Long Beach. Recently, the port 
has developed port-wide ground motion criteria based 
on a site-specific procedure, including both site-
specific probabilistic seismic hazard analysis and site 
seismic response analysis [8]. Based on soil conditions 
and distance to the major faults, the port is divided into 
four areas. The site-specific analysis was performed 
for each of the four areas. In the probabilistic seismic 
hazard analysis, the NGA model was used. A total of 7 
sets of horizontal and vertical acceleration time 
histories were selected and matched to the firm-ground 
UHS, and propagated to the ground surface by the site 
seismic response analysis. The port has accepted the 
port-wide ARS curves, as shown in Fig.4.  
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(a) ARS design curves for a class F (unimproved) ground condition. 
 
 
(b) ARS design curves for a class D (improved) ground condition. 
Fig.4 ARS design curves for class F (unimproved) and class D 
(improved) ground conditions. 
 
5  Concluding remarks 
 
An overview of current seismic ground motion 
design criteria and engineering practices for 
transportation infrastructures in USA is provided in 
this paper. Seismic performance levels and ground 
motion design criteria for highway bridges, railway 
bridges and ports’ container wharves are reviewed. 
Design examples are presented to demonstrate how to 
develop the design-level ARS curves for transportation 
infrastructures under different jurisdictions. 
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